A simple and accurate immunocytochemical focus assay is described, whereby both transforming and non-transforming avian retroviruses can be enumerated. After virus infection of chick embryo fibroblasts, an agar overlay is applied; foci of infected cells (expression loci) are detected immunocytochemically after 5 to 7 days. The primary antibodies are monoclonal sera directed against either viral p19 gag or pp60 V-src. Detection of expression foci after transfection of cells with cloned viral DNA is also demonstrated.
In the field of retrovirus research, the ability to quantify the number and nature of infectious viral particles is of considerable importance. To date, the ease of quantification has been dependent upon the nature of the virus used. For acutely oncogenic viruses, morphological criteria can be the basis of transformed cell focus forming assays (Temin & Rubin, 1958; Vogt, 1969) . For the detection of non-transforming viruses a number of assays are in common usage, including the quantification of reverse transcriptase (RT) (Goff et al., 1981) , the XC plaque (Rowe et al., 1970) and S+L - (Bassinet al., 1971) assays, and analysis of viral interference (Rubin, 1961) .
These assays have been in use for some time, each with its own advantages and drawbacks. The transformed cell focus assays, frequently used for avian sarcoma viruses, may underestimate the true numbers of viruses because very small foci are difficult to locate. In addition these assays only detect well transformed foci and overlook infected areas which have not become morphologically transformed at the time of scoring (see also our data below). Transformation-defective (td) viruses which arise and are frequently present in transforming virus isolates (Vogt, 1971 ; Martin & Duesberg, 1972) are not detected using traditional focus assays. High titres of td virus can interfere with experimental work on the transforming virus, and repeated focus purification of the latter is necessary to ensure that td virus titre is minimized. The ability to quantify such td virus accurately would therefore be advantageous.
The RT assay is widely employed as a broad specificity detection system for polymerasecontaining virus particles. It is particularly useful for analysing non-transforming virus. The procedure, however, has several drawbacks. Virus particles may contain active polymerase but be otherwise defective, giving a bias toward false positive data. This is evidenced by two findings: (i) chicken embryo fibroblasts (CEF) infected with the Rous sarcoma virus (RSV) mutant SE21Qlb, defective in packaging its genomic RNA into virions, do produce polymerase-positive particles, 99~ of which contain cellular mRNA molecules (Gallis et al., 1979) ; (ii) murine retroviral packaging cell lines, in particular ~2, produce RT-positive particles with little or no detectable replicating virus production (Mann et al., 1983) . Additional assays which can accurately detect viable virus particles need to be used in these situations. Further, RT assays are relatively insensitive for low virus titres, and cannot distinguish between transforming and non-transforming viruses. 0000-7686 © 1987 SGM For murine leukaemia viruses (MLV), the XC and S+L -assays have proven most useful, providing relatively quick and accurate quantification of infectious virus. These assays are unfortunately quite restricted in the type of virus which can be detected. The viral interference assay was widely used in the past, principally for characterization of avian virus envelope subgroups, but also in the quantification of non-transforming virus; it is dependent upon endpoint dilution of virus, is indirect, and is relatively slow.
We have combined aspects of the transforming virus focus assay, recent advances in in situ immunocytochemical procedures, and the availability of monoclonal antibodies to viral proteins, in an effort to design a versatile assay for both infectious transforming and nontransforming avian retroviruses. Our assay has been developed using the avian retroviruses RSV (wtRSV; Schmidt-Ruppin D strain), transformation-defective RSV (tdRSV) and RSVassociated virus type 1 (RAV-1), but can conceivably be applied to a broad spectrum of retroviral types, both mammalian and avian. As a demonstration of this versatility, we show that the assay can also be performed on populations of cells after transfection with cloned viral DNA.
After CEF infection and addition of an agar overlay (Temin & Rubin, 1958; Vogt, 1969) , we identify cell populations expressing the viral protein p199ag by in situ immunocytochemistry. Distinct areas of p199ag expression (expression foci), representing foci of infected and virusexpressing cells, can be detected in the monolayer (Fig. l) ; these can be counted macroscopically or by low power light microscopy. The numbers of virus infectious units detected in this manner are expressed in expression focus units (e.f.u.).
The detailed protocol for this assay is as follows. Secondary CEF were plated at 8 x 105 cells per 60 mm tissue culture plate, in medium 199 supplemented with 10~ tryptose phosphate (TP), 4~ newborn calf serum (NBCS), 1 ~ chicken serum and 1 ~ glucose. Fresh medium (5 ml) containing virus was added to the cells, 3 to 6 h after plating. After 14 to 16 h incubation at 37 °C, the medium was replaced with an agar overlay (for 100 ml: 40 ml 1.8~o agar, 32 ml 2 x F12 medium, 8 ml 2 × Dulbecco's modified Eagle's medium, 10 ml TP, 4 ml NBCS, I ml chicken serum, 1 ml 10~ glucose) and the cells were returned to 37 °C. In initial studies the cells were left for 7 to 10 days before further treatment. To loosen the agar, 1 ml of medium was added to each plate for 30 min before careful removal of the overlay, leaving the cells attached to the plate. The cells were immediately washed twice in phosphate-buffered saline (PBS), and fixed for 20 min in 2~ paraformaldehyde in PBS at room temperature. The plates were then washed three times in 0.1 M-glycine over 5 min, and thoroughly washed in PBS/0.1 ~ bovine serum albumin (BSA)/0-02~ sodium azide.
The primary antibody used was a monoclonal antibody directed against the viral p19 gag (kindly provided by Dr Tony Pawson) diluted 1:2000 in PBS/1 ~o BSA. The second antibody was biotinylated goat anti-mouse F(ab')2 (Amersham) diluted 1:100 in PBS/1 ~ BSA. The third layer used streptavidin-linked alkaline phosphatase (DETEC 1-alk system; Enzo Biochemicals, New York, N.Y., U.S.A.) at 1 : 100 dilution in complex dilution buffer (1 × PBS, 0-1 ~ BSA, 5 mM-EDTA, 0.5 ~ Triton X-100). The sequential binding of these three layers was performed approximately as recommended by Enzo Biochemicals for immunocytochemistry. Briefly, the anti-pl9g ag was bound for 1 h in a volume of 400 ~tl per plate, at room temperature with gentle rocking. After three 5 min washes in PBS, the secondary antibody was bound in an identical manner. After a second series of PBS washes, the streptavidin complex was bound for 1 h in 400 ~tl. The plates were thoroughly washed in washing buffer (10 mM-KH2PO4 pH 6.5, 0.5 MNaC1, 1 mM-EDTA, 0.5~ Triton X-100, 0.1~ BSA) for up to 1 h, and equilibrated with predetection buffer (100mM-Tris-HC1 pH 8.8, 100mM-NaC1, 5 mM-MgCIz) with two 2min washes. One ml of the detection solution (500 ~tg 5-bromo-4-chloro-3-indolyl phosphate and 5 mg nitroblue tetrazolium, in 5 ml pre-detection buffer) was added, and the stain allowed to develop in the light for 5 to 10 min. Colour development (blue-purple) was stopped by two washes in 10 mM-Tris-HC1 pH 8, 1 mM-EDTA (TE). Plates are generally stored in TE or PBS, but can be stored dry without deterioration of the samples. This detection system uses extensive amplification steps which, given sufficient interstage washing, provides excellent signal-tonoise ratios and high sensitivity.
Infection and morphological transformation by wtRSV is a single-hit event (Temin & Rubin, 1958) . To confirm that our assay conforms to the single-order kinetics of virus infection, doseresponse curves were obtained using the e.f.u, system (Fig. 2) . The e.f.u, assay exhibits excellent linearity with respect to dilution of wtRSV.
As an alternative to quantification of focus-forming units, the e.f.u, assay provides a more accurate method. Frequently only 20 to 50 ~o of the virus-expressing cells were identified by eye as transformed foci [the numbers of transformed foci vary significantly between assays and are dependent upon the media used, cell health and number (data not shown)]. The e.f.u, assay allows visualization of both very small groups of transformed cells which are difficult to see by phase microscopy and of cells which have not morphologically transformed at that time. We were surprised by the number of large areas of infected (p 19gag-positive) cells on the plate which were not transformed even after 10 days of infection, suggesting the occurrence of 'delayed transformation'. However our data do not address this further. Areas of wtRSV infection can be detected equally well using a primary antibody directed against the viral transforming protein, pp60 ...... (monoclonal antibody JB327, kindly provided by J. Brugge) (Fig. I b) . One of our aims was to have an accurate means by which to quantify tdRSV and non-transforming helper viruses. We have found that the e.f.u, assay detects tdRSV effectively (Fig. 1 c) , with a linear dose-response relationship (data not shown). There are also features that distinguish expression foci induced by wtRSV and tdRSV ( Fig. 1 a and c, and discussion below) . The use of both antipl9g ao and anti-pp60 v-~c in parallel plates of cells infected with transforming virus can provide an estimate of the number of tdRSV present, simply by subtraction of the pp60 ..... e.f.u, from p19 g"g e.f.u. (data not shown).
We have also demonstrated that the e.f.u, assay can be used to monitor the expression of viral (Graham & van der Eb, 1973) . Fourteen h later, the cells were overlaid with agar and left 7 days before treatment by the e.f.u, procedure. We were able to identify foci of celts expressing viral pl9g"g, each focus presumably arising from a single transfected cell (Fig. 1 d) . We believe that this assay could be applied to a transient expression system for viral DNA, and also as a method to estimate the efficiency of particular transfection procedures. The tdRSV-induced expression foci are frequently smaller and the cells more scattered than those induced by wtRSV (Fig. 1 a and c) . This finding confirms the growth advantage of the wtRSV-infected (transformed) cells under the agar overlay, compared to the tdRSV-infected cells. The scattered pattern of the tdRSV foci may demonstrate the movement of infected cells after cell division has stopped at confluence, when no further infection is occurring. We suggest that quantification of tdRSV e.f.u, should be performed at least 7 days post-infection. Five days post-infection is sufficient when wtRSV is used; this is a significantly shorter time than is needed for accurate quantification of morphologically transformed cell foci.
Immunological assays have been used in the past for retrovirus quantification (Vogt, 1964; Next, 1977) . However, as others have commented (Weiss, 1982) , we are surprised how little these assays have been used. With the recent advent of more sensitive detection systems and suitable antibodies, such assays are worthy of reappraisal. We feel that our e.f.u, assay is a useful addition to the quantification/detection systems available to retrovirologists. 
